The ataxia telangiectasia mutated (ATM) checkpoint is the central surveillance system that maintains genome integrity. We found that in the context of childhood sarcoma, mammalian target of rapamycin (mTOR) signaling suppresses ATM by up-regulating miRNAs targeting ATM. Pharmacological inhibition or genetic downregulation of the mTOR pathway resulted in increase of ATM mRNA and protein both in mouse sarcoma xenografts and cultured cells. mTOR Complex 1 (mTORC1) suppresses ATM via S6K1/2 signaling pathways. microRNA-18a and microRNA-421, both of which target ATM, are positively controlled by mTOR signaling. Our findings have identified a negative feedback loop for the signaling between ATM and mTOR pathways and suggest that oncogenic growth signals may promote tumorigenesis by dampening the ATM checkpoint.
childhood cancer | kinase inhibitor G enome instability is an enabling hallmark of cancer cells (1, 2) . The ataxia telangiectasia mutated (ATM) checkpoint is the central genome caretaker to promote cell cycle arrest, DNA damage repair and cell death via apoptosis in response to genotoxins (3, 4) . One of the mechanisms by which the ATM checkpoint prevents tumorigenesis is to inhibit mTOR signaling at the convergence of RAS-mitogen-activated protein kinase (RAS-MAPK) and phosphatidylinositol-3′-kinase and protein kinase B, also named AKT signaling pathways (5) . mTORC1 is one of the complexes formed by mTOR kinase and the central integrator and processor of intracellular and extracellular signals (6) . The tumor suppressor TP53 plays an essential role between mTORC1 signaling and the ATM checkpoint (5, 7) . Following activation by ATM-checkpoint kinase 2 (ATM-CHK2) and/or ATM and Rad3-related protein-checkpoint kinase 1 (ATR-CHK1), p53 suppresses mTORC1 signaling through inducing the expression of negative regulators upstream of mTORC1 that include phosphatase and tensin homolog (PTEN), 5′-AMPactivated protein kinase catalytic subunit beta-1 (AMPK1β), and tuberin (TSC2) (8, 9) . Activated p53 also promotes the phosphorylation and activation of 5′-AMP-activated protein kinase catalytic subunit alpha (AMPKα) via SESTRIN1/2 (10). Hypoxia-activated ATM phosphorylates hypoxia inducible factor 1 alpha (HIF-1α), which in turn leads to TSC1/2 activation and hence inhibition of mTORC1 through regulated in DNA damage and development 1 and 2 (REDD1/2) signaling (11) (12) (13) . Thus, ATM negatively regulates mTORC1 signaling in response to cellular stress such as DNA damage and hypoxia (5, 13) .
Most childhood solid tumors, including rhabdomyosarcoma, neuroblastoma, brain tumors, and osteosarcoma, are nonfamilial cancers. The Cancer Genome Project showed that there are an average of 100 genetic changes in a solid tumor and it is widely agreed that it takes several decades for a sporadic tumor to happen (14, 15) . The early occurrence of childhood cancers suggests a higher mutator phenotype of pediatric tumors, although the drivers are unknown. Previously, we showed that the levels of ATM mRNA expression and protein were significantly suppressed in most pediatric solid tumor xenografts compared with xenografts derived from acute lymphoblastic leukemia (ALL) (13) . We hypothesized that there may be attenuated ATM-mediated genome surveillance in these pediatric tumors, and that maintained signaling by mTORC1 may provide feedback to suppress ATM, potentially enhancing progression. To test this hypothesis, we have manipulated TOR signaling using pharmacologic and genetic approaches in a sarcoma cell line and xenograft models of childhood sarcoma. Our results suggest that mTORC1 signaling negatively regulates ATM levels in these models.
Results

Inhibition of mTOR Signaling Results in Up-Regulation of ATM Protein
Levels. Previously we demonstrated that levels of ATM mRNA and protein were lower in xenografts derived from childhood solid tumors compared with xenografts derived from pediatric ALL (13) . ATM protein levels were recently found to be controlled by TEL2 at the posttranslational level (16), but we did not detect an apparent correlation between ATM and telomere maintenance 2 (TEL2) (Fig. S1 ). Because mTOR signaling is upregulated in most cancers and accumulating evidence demonstrates that oncogenic alteration of this pathway leads to cancer (17) (18) (19) , we hypothesized that the decreased ATM may be due to the increased activity of the mTOR pathway in childhood solid cancers. To test this, we determined ATM protein levels in rhabdomyosarcoma (Rh) xenograft models Rh30 and Rh18 that were treated with an mTOR kinase inhibitor Astrazeneca (AZD)8055 (20) . AZD8055 efficiently inhibited both mTORC1 and mTORC2 complexes as demonstrated by the disappearance of pS6-S235/6 and pAKT-S473 signals, markers for the activity of mTORC1 and mTORC2, respectively. Intriguingly, AZD8055 increased ATM both in Rh30 and Rh18 models ( Fig. 1 A and B) . We next examined ATM levels in Rh30 xenografts treated with rapamycin. Rapamycin treatment abrogated pS6-S235/6, indicating inhibition of mTORC1, whereas slightly increasing levels of pAKT-S473 by suppressing the S6K1-IRS-negative feedback loop. Similarly to AZD8055, rapamycin increased ATM levels (Fig. 1C) . These data suggest that mTOR signaling suppresses ATM in vivo.
To extend these observations, we treated cultured Rh30 cells with rapamycin and AZD8055 and determined levels of ATM. Rapamycin decreased pS6K1-T389 but increased pAKT-S473 and pGSK3β-S9 signals. AZD8055 down-regulated the signals of pS6K1-T389, pAKT-S473 and pGSK3β-S9. However, both rapamycin and AZD8055 increased ATM levels (Fig. 1D) . Similar results were observed for Rh30 cells treated with rapamycin or AZD8055 for 24, 48 and 72 h, whereas TEL2 levels were not affected (Fig. S2A ). In addition, treatment of lymphoblast cells with AZD8055 also resulted in up-regulation of ATM (Fig. S2B) . In Rh18 cells, rapamycin slightly increased, whereas AZD8055 more markedly induced ATM (Fig. S2C ). Similar to Rh30 cells, both rapamycin-and AZD8055-treated HEK293 cells displayed a marked increase of ATM associated with a slight decrease in TEL2 levels (Fig. 1E) . Moreover, the increase of ATM in HEK293 cells induced by AZD8055 was accompanied by enhanced signals of pATM-S1981 and pCHK2-T68, indicating that increase of ATM protein level leads to ATM-CHK2 checkpoint activation (Fig. 1F) . These results support the conjecture that mTOR signaling controls ATM independently of TEL2 both in tumors and in cultured cells.
ATM mRNA Levels Are Controlled by mTOR Signaling. The data presented here demonstrate that inhibition of mTOR leads to an increase of ATM protein both in vivo and in vitro. A survey of the Pediatric Preclinical Testing Program (PPTP) tumor panels showed a general decrease of ATM expression in solid childhood xenografts in comparison with ALL xenografts, which is similar to the pattern of ATM protein (13) (Fig. S1) , suggesting that the decreased ATM protein results, from at least in part, the downregulation of ATM mRNA. This led us to investigate the regulation of ATM mRNA by mTOR signaling. To validate the data from the Affymetrix gene expression profile of PPTP xenografts, we determined the mRNA levels of ATM of randomly picked solid tumors and ALL models from the PPTP, cultured HEK293, and WI-38 cells (ATCC CCL75). Six of the eight solid tumors demonstrated decreased ATM mRNA by real-time quantitative RT-PCR compared with that of the three ALL. Consistent with the undetectable ATM protein (Fig. S1 ), WI-38 showed significant down-regulation of ATM mRNA (Fig. 2A) . In cultured Rh18 cells, rapamycin slightly, whereas AZD8055 robustly, increased ATM mRNA (Fig. 2B) . Moreover, Rh30 cells treated with rapamycin or AZD8055 for either 12 or 24 h displayed increased ATM mRNA (Fig. S2D) . These results indicate that the down-regulation of ATM in the solid tumors of the PPTP panel, at least in part, results from the suppression of ATM mRNA mediated by mTOR signaling.
mTOR forms both the Raptor-containing complex mTORC1 and Rictor-containing complex mTORC2. mTORC2 phosphorylates AKT at S473, essential for the full activation of AKT kinase (21) , and AKT activates mTORC1 signaling (6) . To further test our results obtained from pharmacologic inhibition of mTOR signaling, we down-regulated Raptor, Rictor, or mTOR by siRNAs, and determined the protein and mRNA levels of ATM. Partial down-regulation of Raptor, Rictor, or mTOR resulted in a decrease of the pS6-S235/6 signal, demonstrating the suppression of mTORC1 signaling. Each siRNA increased ATM levels (Fig. S2E ). Raptor siRNA slightly increased ATM mRNA, whereas siRNA of Rictor or mTOR induced a more increase of ATM mRNA (Fig. S2F ). These data support the conjecture that mTOR signaling negatively regulates ATM mRNA.
mTOR Signaling Suppresses ATM mRNA via the S6K Pathway. We next examined which pathways downstream of mTORC1, S6K1, and 4E-BP1 regulate ATM mRNA by determining ATM mRNA and protein levels in 4E-BP1/2 double knockout (4E-BP1/2 DKO), S6K1 knockout (S6K1 KO), S6K2 knockout (S6K2 KO), and S6K1/2 double knockout (S6K1/2 DKO) mouse embryonic fibroblasts (MEFs). Compared with that of WT MEFs, 4E-BP1/2 DKO MEFs displayed slightly decreased ATM mRNA, but AZD8055 still increased ATM mRNA to a level comparable to that of WT MEF cells (Fig. 3A) . In sharp contrast, ATM mRNAs were robustly elevated in S6K1 KO, S6K2 KO, or S6K1/2 DKO MEFs (Fig. 3B ) and KO of either S6K1 or S6K2 led to increase of ATM proteins (Fig. 3C ). Impressively, S6K1/2 DKO MEFs Rh30 cells were treated with rapamycin (100 ng/mL) or AZD8055 (2 μM) for 24 h. Total proteins were extracted for immunoblotting for ATM, pS6K1-T389, S6K1, pAKT-S473, AKT, pGSK3β-S9, and GSK3β. (E) HEK293 cells were treated with rapamycin (100 ng/mL) or AZD8055 (2 μM) for 24 h. Total proteins were extracted for immunoblotting of ATM, TEL2, S6, and pS6-S235/6. (F) HEK293 cells were treated with AZD8055 (2 μM) for 48 h. Total proteins were extracted and ATM, pATM-S1981, CHK2, and pCHK2-T68 were determined by immunoblotting. β-Actin, GAPDH, or β-tubulin served as loading controls. showed robust up-regulation of ATM protein, accompanied by disappearance of pS6-S235/6 signal (Fig. 3C) . Furthermore, AZD8055 increased ATM in WT MEF cells and only slightly in S6K1/2 DKO MEFs (Fig. 3D ). These data demonstrate that mTOR suppresses ATM protein and mRNA primarily through S6K-mediated signaling pathways.
The mTOR Pathway Controls miRNAs Targeting ATM. Deregulation of miRNAs has been found in most cancers (22, 23) , and several miRNAs have been shown to regulate ATM (24) (25) (26) (27) . Oncogenic signaling, such as RAS-and MYC-mediated enhancement of cell growth signaling pathways, regulates miRNAs, especially the oncogenic microRNA-17-92 (miR-17-92) cluster (28, 29) . These observations led us to postulate that the mTOR pathway might control ATM via regulating miRNAs. In Rh18 cells, AZD8055 apparently decreased miR-18a (Fig. 4A ) and miR-421 (Fig. 4B) , two miRNAs that have been well-validated in the regulation of ATM (24, 27) . In Rh30 cells, AZD8055 also decreased miR-18a and miR-421 (Fig. S3A) , whereas the effect of rapamycin was less robust. Moreover, knockdown of mTOR by siRNA resulted in decrease of both miR-18a and miR-421 (Fig. S3B) . Consistent with these results, mimics of miR-18a reduced ATM and abolished the induction of ATM by AZD8055 in Rh18 cells. In contrast, inhibitor of miR-18a increased ATM (Fig. 4C) . miR-421 down-regulated ATM and abolished the up-regulation of ATM by AZD8055. Inhibitor of miR-421 also increased ATM (Fig. 4D) . Similarly, in Rh30 cells, both miR-18a (Fig. S3C ) and miR-421 (Fig. S3D) reduced ATM for up to 120 h (Fig. S3E) and abolished the induction of ATM by AZD8055, whereas inhibitors of either miR-18a or miR-421 increased ATM. Moreover, cotransfection of mimics of miR-18a or miR-421 with a Renilla luciferase reporter construct with WT 3′UTR of ATM reduced the luciferase activity (Fig. S3F) , whereas miR-421 did not decrease the luciferase activity of the construct with a mutation of the seed sequence of miR-421-binding site of ATM 3′UTR (Fig.  S3G) . These results indicate that miR-18a and miR-421 are positively controlled by mTOR-mediated signaling pathways.
miR-18a and miR-421 Are Generally Increased in Pediatric Solid
Tumors. Our data suggest that the general down-regulation of ATM in solid pediatric tumors may be due to the up-regulation of miRNAs targeting ATM and mTOR signaling might suppress ATM by up-regulating these miRNAs. Indeed, the levels of miR18a (Fig. 4E ) and miR-421 (Fig. 4F) were in general inversely correlated with the levels of ATM mRNA in solid pediatric tumors (Fig. 2A) . In agreement, our previous miRNA microarray profile of the PPTP tumor panels demonstrated that the miR-17-92 cluster, containing miR-18a, is overexpressed in pediatric rhabdomyosarcoma and neuroblastoma (30) . To validate the miRNA microarray data and test if miR-421 is also up-regulated in these tumors, we compared miR-18a and miR-421 levels in rhabdomyosarcoma and neuroblastoma xenograft models of the PPTP panel with two acute lymphoblastic leukemia models (ALL-4 and ALL-19). In comparison with the leukemias, all of the eight rhabdomyosarcoma overexpressed both miR-18a (Fig.  S4A ) and miR-421 (Fig. S4B) . Five of the eight neuroblastoma displayed increased expression of miR-18a (Fig. S4C) and six of eight neuroblastoma showed increased levels of miR-421 (Fig.  S4D) . Thus, the up-regulation of miR-18a and miR-421 might contribute to, at least in part, the down-regulation of ATM in solid pediatric tumor xenografts.
MYCN Is Under Control of the mTOR-S6K Pathway. It was recently demonstrated that both miR-18a and miR-421 are regulated by the MYCN (v-myc myelocytomatosis viral related oncogene, neuroblastoma derived) transcription factor (27, 29) . In vitro, down-regulation of MYCN by siRNA led to a slight increase of ATM (Fig. S5A) , but a decrease of miR-18a and miR-421 (Fig.  S5B) . In contrast, ectopic overexpression of MYCN resulted in a decrease of ATM (Fig. S5C) , but an increase of miR-18a (Fig.  S5D) . In vivo, most pediatric solid tumors of PPTP panels displayed overexpression of MYCN protein (Fig. 5A) . It has been well documented that MYCN protein is stabilized by the PI3K-AKT-mTOR pathway via multiple mechanisms (31, 32). Thus, it is possible that enhanced mTOR activity in pediatric solid tumors may up-regulate MYCN protein, which in turn leads to increase of miR-18a and miR-421 and concomitant down-regulation of ATM. To test this hypothesis, we treated Rh30 cells with different concentrations of AZD8055 for 24 h and checked ATM and MYCN. The decrease of MYCN and increase of ATM was correlated with the inhibition of pS6-S235/6 signal by AZD8055 in a concentration-dependent manner (Fig. 5B) , supporting the contention that MYCN is under tight control of PI3K-AKT-mTOR signaling (32) . Similar inverse correlation of ATM and MYCN was observed in Rh18 cells treated with rapamycin and AZD8055 (Fig. S2A) . Furthermore, depletion of either S6K1 or S6K2 led to partial decrease of MYCN in MEFs, whereas knockout of both S6K1 and S6K2 resulted in loss of MYCN detection (Fig. 5C) , which is consistent with the robust induction of ATM in S6K1/2 DKO MEFs (Fig. 3 C and D) . Moreover, the protein levels of ATM and MYCN were inversely correlated in both S6K1 KO (Fig. 5D ) and S6K1/2 DKO MEFs (Fig. 5E ). These data suggest that one of the mechanisms by which mTORC1 suppresses ATM is through sustaining MYCN via S6K1/2 signaling.
Discussion
Cellular stress, such as DNA damage, nutritional deprivation, and hypoxia, results in inhibition of mTORC1 signaling. For DNA damage and hypoxia, ATM plays a critical role in such regulation and has been postulated to be one mechanism by which ATM functions as a tumor suppressor. In our previous study, we noticed that levels of ATM were generally far lower in xenografts of pediatric solid tumors compared with ALL xenografts and speculated that suppression of ATM may provide a proliferative or survival advantage for cells under hypoxic conditions through maintenance of mTORC1 signaling (13) . However, the mechanism by which ATM is suppressed was not addressed.
Using an mTOR kinase inhibitor or genetic ablation of mTORC1 signaling, we discovered that the mTORC1 pathway negatively controls ATM by S6K signaling, and that mTORC1-S6K1/2 suppresses ATM via MYCN-mediated up-regulation of miR-18a and miR-421 (Fig. S6A) . The discovery of this negative control of ATM by mTORC1 signaling adds a feedback loop for the relationship between mTOR and ATM, at least in the context of pediatric solid tumors (Fig. S6B) .
Generally, cancer cells are deficient in ATM-CHK2-p53 circuitry (33), while demonstrating enhanced mTORC1 signaling (34) . Thus, in most cancer cells, the mTOR and ATM-CHK2-p53 pathways are uncoupled. Suppression of ATM might be one of the mechanisms by which mTORC1 signaling promotes and maintains tumorigenesis (34) . This uncoupling may provide a growth advantage for premalignant cells during the multistep processes of tumorigenesis. First, increased mTORC1 activity directly leads to enhanced macromolecule synthesis, the increase of which is the prerequisite for cell-cycle progression and hence cell proliferation (5). Second, up-regulated mTOR activity results in unchecked cell survival and proliferation (17, 35) . Moreover, without ATM-CHK2-p53 function, unrestrained cell proliferation may tolerate environmental and intracellular genotoxins (36, 37) . This tolerance in turn would result in karyotypic chaos: gene mutations, chromosome translocations, and aneuploidy (38) . In rare conditions, via sequential clonal expansion, a cell (probably a cancerinitiating cell) will stabilize this karyotypic chaos with augmentation of other cancer-promoting capabilities such as reactivation of telomerase and sustained angiogenesis, leading to malignant progression (39) .
Overexpression of MYCN has been reported in a high frequency of rhabdomyosarcomas (40); MYCN amplification also occurs frequently (41) . MYCN protein levels are elevated in many xenografts derived from rhabdomyosarcoma and neuroblastoma, but also in atypical teratoid rhabdoid tumors (ATRT), glioblastoma, and ependymoma, and to a lesser extent in osteosarcoma and Ewing sarcoma; therefore, overexpression of MYCN and suppression of ATM expression may have relevance to many childhood solid tumors. The relationship between MYCN overexpression and ATM is not absolute, suggesting that factors other than miR-18a and miR-421 may be involved, such as promoter hypermethylation (42, 43) . The role of ATM in the initiation or progression of childhood solid tumors has not been studied extensively; however undetectable levels of ATM were reported in 7 of 17 (41%) rhabdomyosarcoma samples (44) . Persistent MYCN signaling in paravertebral ganglia cells initiates tumorigenesis by altering the physiologic process of neural crest cell deletion (45) , suggesting that mTORC1-mediated up-regulation of MYCN may initiate transformation in other embryonal cancers. Our hypothesis is that maintained mTORC1 signaling leads to persistent MYCN overexpression and, in some tumors, down-regulation of ATM, further enhancing genomic instability and leading to tumor initiation and progression.
Our results indicate that ATM is suppressed, at least in part, by mTORC1-S6K1/2 regulation of MYCN and miRNAs controlled by MYCN. The identification of this reciprocal inhibition of mTOR and ATM may provide insight for several characteristics of childhood cancer: early onset of disease and hypersensitivity to drugs or ionizing radiation that damage DNA. Standard curative therapy for most childhood solid tumors incorporates drugs that damage DNA including topoisomerase poisons (topotecan, irinotecan, etoposide, doxorubicin), bifunctional alkylating agents (cyclophosphamide, ifosfamide), cisplatin, and ionizing radiation. This uncoupling of mTOR and ATM-CHK2-p53 may not only contribute to primary tumorigenesis and initial chemosensitivity, but also play an important role in chemoradiation resistance and genesis of secondary tumors, two of the major problems of the current cancer chemotherapies (46) . Our data provide further support for the proposal that down-regulation of the DNA damage checkpoint is required for cancer cells to bypass DNA replication of stress-induced DNA damage response (47) , which is believed to be a barrier for tumorigenesis (48, 49) .
Experimental Procedures
Chemicals. AZD8055 was provided by AstraZeneca. Rapamycin was from the National Cancer Institute drug repository. Mimics and inhibitors of miR-421 and miR-18a were from Applied Biosystems. 
